The role of receptor recognition in the emergence of virulent viruses was investigated in the infection of severe combined immunodeficient (SCID) mice by the apathogenic prototype strain of the parvovirus minute virus of mice (MVMp). Genetic analysis of isolated MVMp viral clones (n ‫؍‬ 48) emerging in mice, including lethal variants, showed only one of three single changes (V325M, I362S, or K368R) in the common sequence of the two capsid proteins. As was found for the parental isolates, the constructed recombinant viruses harboring the I362S or the K368R single substitutions in the capsid sequence, or mutations at both sites, showed a large-plaque phenotype and lower avidity than the wild type for cells in the cytotoxic interaction with two permissive fibroblast cell lines in vitro and caused a lethal disease in SCID mice when inoculated by the natural oronasal route. Significantly, the productive adsorption of MVMp variants carrying any of the three mutations selected through parallel evolution in mice showed higher sensitivity to the treatment of cells by neuraminidase than that of the wild type, indicating a lower affinity of the viral particle for the sialic acid component of the receptor. Consistent with this, the X-ray crystal structure of the MVMp capsids soaked with sialic acid (N-acetyl neuraminic acid) showed the sugar allocated in the depression at the twofold axis of symmetry (termed the dimple), immediately adjacent to residues I362 and K368, which are located on the wall of the dimple, and approximately 22 Å away from V325 in a threefold-related monomer. This is the first reported crystal structure identifying an infectious receptor attachment site on a parvovirus capsid. We conclude that the affinity of the interactions of sialic-acid-containing receptors with residues at or surrounding the dimple can evolutionarily regulate parvovirus pathogenicity and adaptation to new hosts.
The recognition of cell surface components acting as receptors for viruses is a major event in infection and a key parameter of viral tropism and pathogenesis. Proteins, carbohydrates, and glycolipids may serve as virus receptors, and in many examples, attachment to cells is facilitated by the interaction of the viral particle with a sugar component (reviewed in reference 90). The 25-nm-diameter nonenveloped capsid of the Parvoviridae (55) , a large family of viruses with a 5-kb single-stranded DNA genome, offers a simple genetic and structural model to define the pathogenic consequences of the recognition of cellular receptors by icosahedral viruses. Molecules with specific binding properties or functional activity as parvovirus receptors have been identified for some members of the family, such as the ABP protein for the Aleutian disease virus (28) ; some globosides and the ␣5␤1 integrin for the human parvovirus B19 (12, 40, 88) ; transferrin receptors for canine (CPV) and feline (FPV) parvoviruses and mink enteritis virus (60, 59) ; and heparan sulfate, ␣v␤5 integrin, and growth factor receptors for adeno-associated viruses (AAV) (25, 39, 63, 76, 77) . Interestingly, sialic acid (SA) is a common attachment factor for parvoviruses infecting different species, such as minute virus of mice (MVM) (21) ; bovine parvovirus (81) ; AAV1, AAV4, and AAV5 (18, 38, 87) ; CPV; and FPV (6, 7) , although the SA-CPV and SA-FPV interactions may not be essential for the infection of some cell types.
The structure of the icosahedral T ϭ 1 parvovirus capsid has been resolved to atomic resolution for several members of the family (1, 2, 41, 43, 70, 71, 84, 92) and to lower resolution for others (14, 51, 58, 86) . The parvovirus capsid is composed of two to four overlapping capsid proteins (named VP1 to VP4), depending on the virus and the maturation stage (55, 80) , with the entire VP2/3/4 coding sequences forming a common region within the larger VP1 protein (79) . The VP1-specific N-terminal sequence has not been resolved in any of the structures, and 60 copies of the common sequence form the icosahedral capsid. The fold of the common VP region results in a structural core composed of an eight-stranded antiparallel ␤-barrel motif found in most icosahedral viruses (65) . Four large loops form the features of the capsid surface, which includes a cylindrical channel at each fivefold icosahedral axis surrounded by a canyon-like depression, a dimple-like depression at each twofold axis, and a mound or spike-like protrusion at or surrounding the threefold axis (reviewed in reference 58).
A crystal structure of a capsid complexed with its receptor is not yet available for the Parvoviridae. However, the identifica-tion of amino acid residues involved in tropism, cell binding, and pathogenicity has allowed the assignment of capsid regions with direct or indirect involvement in the recognition of receptors and attachment factors. The region involved in globoside receptor binding by B19 was presumptively mapped at the threefold axis (20) , though recent studies have failed to confirm this observation (40) . The primary binding site for heparan sulfate in the AAV2 capsid was mapped to a basic patch at the base of the residues forming the mounds surrounding the threefold axis (42, 56) . For CPV, capsid residues that affect the host range and specific binding to the transferrin receptor were mapped to the top and the shoulder of the threefold spikes (17, 32, 34, 61) in an equivalent region found to regulate MVM tropism in vitro (3, 5, 31) . In addition, CPV capsid sequence determinants of SA binding to erythrocytes (hemagglutination) line the walls of the depression at the twofold axes (6, 82) .
The two best-characterized strains of MVM, the prototype strain (MVMp) (22) and the immunosuppressive strain (MVMi) (11, 52) , for which the X-ray crystal structures of the capsids are available (2, 43) , use SA for cell infection in vitro (21) . In spite of the high sequence homology, with only 14 amino acid residues differing between the capsid proteins, these two virus strains display characteristically different tropisms in vitro (3, 5, 31, 78) and drastic differences in mouse pathogenicity (13, 64, 67, 68) , providing a useful model for in-depth characterization of the role of capsid-receptor interaction in parvovirus biology. The MVMi strain, inoculated by the oronasal route, causes acute leukopenia in adult severe combined immunodeficient (SCID) mice by 6 weeks postinfection (p.i.), resulting from the capacity of the virus to target hemopoietic committed precursors and stem cells (67, 68) . However, the MVMp strain is noninvasive by this natural infection route (66) . Nevertheless, the MVMp intravenously inoculated into SCID mice evolved within weeks postinfection into virulent variants of large-plaque phenotype and consistently harboring a capsid of lower affinity than the wild type (wt) for permissive mouse fibroblasts (66) . These phenotypic features developed in mice without genetic changes being selected for in the capsid region controlling MVM tropism in vitro (66) .
In this report, a comprehensive genetic and structural analysis was undertaken to characterize the role played by capsidreceptor binding in the virulence of the MVMp variants emerging in mice. We show that three point mutations were consistently selected for during the MVMp adaptation to SCID mice and that they lowered the capsid affinity for the SA component of a primary receptor. An X-ray crystallographic study of the MVMp capsid complexed with SA indicated that two of the three variable amino acid residues map in a pocket localized in the dimple at the icosahedral twofold axis, in close proximity to the SA density. These data demonstrate the evolutionary pressure exerted on specific residues of the parvovirus capsid involved in SA receptor recognition and their relevant role in virulence in the host.
MATERIALS AND METHODS

Cells and viruses.
The A9 mouse fibroblast and the NB324K simian virus 40-transformed human newborn kidney cell lines described as hosts for the wt MVMp strain (78) were maintained in Dulbecco's modified Eagle medium supplemented with 5% heat-inactivated fetal calf serum (Gibco BRL). Viral stocks of the prototype parvovirus MVMp (22) grown from an infectious molecular clone (54, 66) , as well as of the plaque-isolated and constructed recombinant viruses (see below), were prepared in human transformed NB324K cells, purified to be devoid of empty particles by banding to equilibrium in a cesium chloride gradient as previously described (68) , and stored at Ϫ70°C. Virus titers were determined by a standard plaque assay in NB324K cells (78) .
Animal experiments. Experiments were performed with 6-to 8-week-old females of the C.B-17 inbred strain of SCID mice. The conditions for handling mice, for oronasal infections, and for monitoring viral multiplication in the mouse organs have been previously described (66) (67) (68) .
Genetic analysis of viruses isolated from mice. Viral DNA was obtained from pick-isolated viral plaques by a modified Hirt's procedure (46) and was amplified by PCR according to published protocols, using Perkin-Elmer Cetus Gene Amp PCR System 9600 or Bio-Rad Gene Cycler equipment. In order to encompass all of the coding region of the MVMp genome (4), the following sets of oligonucleotides at the specified nucleotide positions on the MVM genome were used: NSA (nucleotides [nt] 221 to 237)-NSF (nt 2104 to 2077), NSD (nt 1686 to 1703)-VVPSEQ3 (nt 3366 to 3350), VVP1 (nt 2221 to 2237)-VVPSER388 (nt 3967 to 3950), and VVP6 (nt 3444 to 3460)-VPSEQ0 (nt 4706 to 4688). The amplified fragments were purified from agarose gels with a Concert Rapid Gel Extraction System (Gibco-BRL) and sequenced in a Perkin-Elmer 377 automated sequencer using oligonucleotides (Isogen Bioscience BV, Maarssen, Holland) as previously described (47) .
Construction of single and double MVMp mutants. The single mutant MVMp-I362S corresponds to the recombinant WT-VP 3B virus previously characterized (66) . The single mutant MVMp-K368R was constructed by exchanging the HpaI-XbaI (nt 3759 to 4342) restriction fragment of the wt pMM984 (54) for the corresponding fragment of the virulent virus 4L genome (66) , gel purified from restriction enzyme-digested DNA that had been amplified with the oligonucleotide set VVP6 (nt 3444 to 3460)-VVPSEQ0 (nt 4706 to 4688). The double mutant MVMp-I362S/K368R was obtained by oligonucleotide-directed mutagenesis (45) , using the oligonucleotide 5Ј-GGCTTCTCTGTCTACTCC-3Ј that coded for the change K368R in the VP2 protein and an M13mp18 phage vector containing the previously transferred EcoRI-XbaI fragment (3522 to 4342) from the MVMp-I362S plasmid. Finally, the HpaI-XbaI (nt 3759 to 4342) restriction fragment of M13 containing the two mutations was used to replace the corresponding fragment of the wt pMM984. Mutations were verified in the doublestranded plasmid DNA preparations amplified in the Escherichia coli strain JC8111 (10), as well as in the purified viral stocks obtained from electroporated NB324K cells (48) .
Virus-cell binding and neuraminidase treatments. For the determination of the affinities of the viral capsids for cells in cytotoxic interactions, purified infectious wild-type virus and MVMp mutants were incubated for different times with permissive A9 and NB324K fibroblasts in suspension, and cell survival was determined by a clonogenic assay (66) . The effect of SA removal on virus adsorption was analyzed with the neuraminidase from Clostridium perfringens (New England Biolabs), which shows preference for ␣2,3 and ␣2,6 linkages over ␣2,8 linkages. For this, NB324K cells (2 ϫ 10 5 in 0.1 ml) were incubated at 37°C for 1 h with the indicated units of neuraminidase (see the legend to Fig. 3) , and virus adsorption was determined by a binding assay with 35 S-labeled capsids as previously described (66) .
To determine the capsid affinity to the SA components on the cell surface leading to infection, infectious viruses were inoculated onto NB324K cell monolayers grown to a density of 10 4 cells/cm 2 and incubated with different graded amounts of neuraminidase in phosphate-buffered saline at 37°C for 1 h. Digested cells were inoculated with 10 2 PFU/60-mm dish in the presence of the respective concentration of neuraminidase during adsorption in phosphate-buffered saline for 1 h at 4°C, and the bound infectious virus was determined as PFU in triplicate assays.
Crystallographic analysis of the MVMp-sialic acid complex. The expression, purification crystallization, and X-ray diffraction data collection for crystals of MVMp VP2 virus-like particles (VLPs) were previously published (33) . The crystal structure of these MVMp VLPs has also been determined (43) . Briefly, for the current studies, purified VLPs were dialyzed into 10 mM Tris-HCl, pH 7.5, with 150 mM NaCl and adjusted to a final concentration of 10 mg/ml (as determined by optical density measurements), and crystallization drops were set up using the hanging-drop vapor diffusion method (53) with polyethylene glycol 8000 and 8 mM CaCl 2 · 2H 2 O as precipitants. The MVMp VLP crystal space group is C2, with cell parameters as follows: a ϭ 448.7, b ϭ 416.5, c ϭ 306.1 Å, and ␤ ϭ 95.9°. To study the interaction of the MVMp capsid with SA, a preformed VLP crystal was soaked with 1 mM SA (Sigma) for ϳ96 h prior to data collection. X-ray diffraction data (168 images) were collected from a single crystal flash frozen with a cryoprotectant solution containing 10 mM Tris-HCl, pH 7.5, 8 mM CaCl 2 · 2H 2 O with 5.0% polyethylene glycol 8000 and 30% glycerol. The data were collected at the F1 beam line of the Cornell High Energy
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Synchrotron Source (CHESS) on an ADSC Quantum 4 charge-coupled device detector, with a wavelength () of 0.919 Å. A crystal-to-detector distance of 300 mm, an oscillation angle of 0.3°, and an exposure time of 60 seconds per image were used. The diffraction images were indexed, processed, and scaled using the programs DENZO and SCALEPACK (57) . The data were phased using the available MVMp VP2 VLP structure (43) with the CNS program (15) . Two types of averaged Fourier electron density difference maps (2F 0 Ϫ F c and F 0 Ϫ Fc) subtracting the calculated structure factors for the MVMp VLP structure (F c ) from that observed for the complex (F 0 ) were generated using data between 20-and 3.5-Å resolution for the analyses of the SA binding site with the program CNS (15) . Averaging of the density maps applied strict 60-fold noncrystallographic symmetry operators generated as described for the MVMi structure determination (44) . The interpretation and the docking of an SA molecule into the difference electron density maps were performed using the program O (37) . A molecule of SA, extracted from the refined structure of the Maackia amurensis agglutinin (lectin) complexed with sialyllactose (35), was docked into density with the highest signal/noise ratio () that was coincident in both the 2F 0 Ϫ F c and F 0 Ϫ F c maps, using interactive ridge-body rotations and translations.
RESULTS
Three single-amino-acid changes in the VP gene are selected for during MVMp adaptation in SCID mice. A preliminary genetic analysis of the major host range determinant region (nt 3450 to 3800) of the MVM capsid proteins did not show any genetic changes in eight virus isolates emerging from MVMpinfected SCID mice (66 Fig. 1 , top, only two mutations determining amino acid changes in the coding region common to VP1 and VP2 were found in the viral clones with respect to the wt MVMp. One of these mutations corresponded to the single nucleotide change T to G, a transversion at nucleotide position 3878 of the MVM genome, which introduced the drastic amino acid change I362S in the VP2 amino acid sequence of the 1B, 2L, and 3B clones. The other mutation was the A3896G transition, which introduced the conservative amino acid change K368R in the 3L, 4L, 4B, and 4K viral clones. These mutations consistently arose by parallel evolution in different mice, though they were not assignable to a particular mouse organ. Notably, mutations were found as a single change in the capsid of every virulent variant with low receptor affinity but did not occur in the VP gene of the noninvasive wt-like 5B virus. These two single mutations in the VP gene were consistent with the major role played by the capsid gene in the adaptation process of MVMp in SCID mice (66) .
Since the only amino acid changes found in the VP genes of eight viral clones clustered in a precise small region, a VP domain flanked by nt 3710 to nt 4200 encompassing these two mutations and some additional amino acids (307 to 470 of VP2 residues) was sequenced in 40 additional plaque-isolated viral clones obtained from seven mice at 12 weeks post-MVMp injection. As shown in Fig. 1 , bottom, clones obtained from mice no. 5 and 7 did not show genetic changes, and correspondingly, formed small plaques (not shown). However, the rest of the viral clones in the whole collection, regardless of the mouse or organ origin, showed one of the two VP mutations described in Fig. 1 , top, or an additional transition of G to A occurring at nt 3766, which determines the amino acid change V325M in the VP2 sequence. Only one clone isolated from the brain of mouse no. 3 harbored two mutations, at amino acid positions 325 and 362. The most common mutation was K368R, present in 24 viral clones recovered from different organs of four mice; the I362S mutation was present in 11 viral clones from three mice, whereas the less represented V325M mutation (not present in the eight isolates subjected to preliminary sequence analysis) (66) was obtained in six viral clones from three mice. An additional preliminary restriction analysis with the enzyme ScaI, recognizing sequences including the T3878G mutation, tentatively suggests a high percentage of the I362S mutation in other nonsequenced viral clones (not shown). In summary, these data showed that only three single VP coding mutations are selected during the parallel evolutionary adaptation of MVMp in independently handled SCID mice.
To analyze any putative role that nucleotide changes outside the VP gene could play in the virulence of the MVMp isolates, the genome of the virulent 3B variant was sequenced across the entire nonstructural (NS) coding region and some noncoding sequences (nt 253 to 4687). No amino acid changes were found in the NS region of the virulent 3B isolate, ruling out any VOL. 80, 2006 CAPSID ATTACHMENT TO SIALIC ACID IN PARVOVIRUS DISEASEimportant function of the NS1 or NS2 protein in the adaptive process of MVMp to a virulent phenotype in SCID mice. Four nucleotide differences were found in our reference wt MVMp isolate with respect to the sequences deposited in GenBank (4, 5): A3820C (which generates the amino acid change N343H), the silent transitions C4359T (reported by another laboratory) (91) and T4486C in the VP gene, and the G4634A in the noncoding region of the genome. In addition, the mutation A4679G was found in the 3Ј noncoding region of virulent variants. The possible contribution of this change to the observed MVMp virulence, as well as that of any other possible change in the nonsequenced terminal hairpins of the viral genome, remains unexplored. Plaque and cell-binding effects of the MVMp capsid mutations selected for in mice. To evaluate the roles of the two most frequently selected mutations, I362S and K368R, in MVMp phenotypic properties in vitro and in vivo, recombinant MVMp viruses carrying either the single I362S or K368R change or both substitutions were constructed, and purified stocks were grown in NB324K cells (see Materials and Methods). The three recombinant viruses behaved similarly to the parental viruses selected in mice (66) in plaque assays on A9 and NB324K cell monolayers, as they formed larger plaques than wt MVMp in NB324K cells (size range, 2.2 to 2.8 mm) ( Fig.  2A) and a lower number of small plaques in A9 cells (not shown). Although a recombinant virus was not constructed for the V325M substitution, the five viral clones carrying this single mutation in the sequenced VP region (Fig. 1, bottom) were isolated from large plaques (not shown), suggesting that the three single mutations selected in mice determine a common plaque phenotype.
Another major phenotypic property of the parental virus isolates, the low-affinity interaction between the viral capsid and a primary cell surface receptor (66) , was also analyzed for the recombinant viruses. The kinetics of surviving A9 and NB324K permissive cells (measured as CFU) in the interaction at high multiplicities of infection of purified viruses (Fig. 2B) , showed that the capsids of the recombinant viruses interacted with lower affinity than that of the wt to the receptor leading to the cytotoxic infection. The lower affinity was more evident in the A9 cells, due perhaps to the faster virus-cell interaction occurring in NB324K cells. It is noteworthy that a cooperative effect of the I362S and K368R changes in reducing cell receptor affinity was clearly demonstrated in both cell types, since the double mutant consistently showed the lowest affinity. Thus, either of two single capsid changes selected for in mice is sufficient to alter the plaque morphology and the cell interaction features of MVMp. Therefore, this study assigns the affinity of capsid receptor recognition as an important determinant of the MVM plaque phenotype.
MVMp variants attach with different affinities to sialic acid for cell infection. The treatment of susceptible cells with neuraminidase, which removes SA moieties from cell surfaces, abolishes MVM infection, suggesting that the primary receptor(s) for MVM contains terminal SA residues (21) . To test whether the capsid mutations selected for in mice are involved in the primary recognition of SA, susceptible NB324K cells were treated with graded doses of neuraminidase to remove different amounts of SA receptors and subjected to two conditions of virus-cell interactions. A distinct effect of the SA removal in primary cell binding of the wt and the I362S mutant viruses was detected with 35 S-labeled capsids (Fig. 3A) . Although the binding of both viral capsids was affected by the enzyme, the binding of I362S was much lower than that of the wt MVMp to cells treated throughout the range of 5 to 20 mU/ml of neuraminidase.
The biological relevance of these different adsorptions was analyzed by comparing the binding at 4°C of wt and mutant viruses leading to infection of neuraminidase-treated cells by a PFU assay. As shown in Fig. 3B , the number of PFU decreased with neuraminidase digestion of the cell surface, demonstrating SA usage for infection by all the MVMp mutants. However, the degrees of sensitivity of the plaque-forming capacity to neuraminidase markedly differed between the wt and mutant viruses. While digestion at a neuraminidase concentration of 0 to 50 mU/ml either did not affect or slightly increased wt infection, the number of PFU for the virus mutants decreased progressively to 20% or lower for the I362S/K368R double mutant (Fig. 3B) with the lowest receptor affinity (Fig. 2B) . At the neuraminidase dose of 100 mU/ml, plaque formation by the wt virus decreased to 80%, whereas the number of PFU for all the mutants, including a virus clone containing only the V325M mutation, reached bottom levels. Digestion with the highest concentration of neuraminidase did not affect NB324K cell morphology or clonogenic capacity (not shown), indicating that the inhibition of virus plaque formation by neuraminidase was not due to important alterations of the cell physiological or proliferative functions. These experiments demonstrated that the productive adsorption of MVMp viruses harboring coat mutations selected in mice is more sensitive than that of the wt to the number of available SA residues on the cell surface. This increased sensitivity suggests a reduction of capsid affinity for an SA-containing receptor. Capsid mutations lowering affinity for sialic acid drastically increase MVMp pathogenicity. To determine the pathogenic capacities of I362S and K368R, the two major MVMp amino acid substitutions selected for in mice, recombinant viruses harboring these mutations were inoculated by the natural oronasal route into SCID mice and viral multiplication in the main organs was determined by plaque assay (Fig. 4) . Viruses were not detected as infectious entities in any organ by 1 week p.i. At 3 weeks p.i., the recombinant virus I362S was detected in the liver, and the I362S/K368R double mutant was found in all the organs of 50% of the analyzed mice. Infectious titers of all three recombinant viruses were demonstrable in most organs at 8 weeks p.i., with higher titers in the spleen and liver, and the K368R titers were the lowest. The consistent demonstration of infectious recombinant viruses in mice was in sharp contrast to the absolute inability of the wt MVMp to multiply in any of the internal organs when inoculated by this natural route of infection (Fig. 4, top) , in agreement with our previous studies (66) . The invasion and multiplication in mice of the recombinant MVMp mutants, which remain fibrotropic (Fig. 2) , were, however, significantly lower than that of the hematotropic MVMi strain, which reaches higher titers in hemopoietic organs and causes severe leukopenia by 6 weeks p.i. (68) 6 cells/ml) were treated with the indicated doses of neuraminidase (1 h at 37°C) prior to binding (1 h at 4°C) to the labeled capsids. Cell-associated radioactivity was determined by sedimentation and scintillation counting (100% binding was approximately 2 ϫ 10 3 cpm). One representative result from three independent experiments is shown. (B) Monolayers of 2 ϫ 10 5 NB324K cells per 60-mm dish were treated with the indicated doses of neuraminidase for 1 h at 37°C prior to virus binding for 1 h at 4°C, and the productive interactions were developed by a PFU assay. The plots show the average results and standard errors from at least four independent assays. The V325M mutant corresponds to one of the three clones isolated from the liver of mouse no. 2 containing this mutation (Fig. 1, bottom) .
FIG. 4.
Single capsid amino acid changes confer virulence by the natural oronasal route on MVMp. The infectious virus titers in organs of SCID mice after intranasal inoculation with purified stocks (10 6 PFU/mouse) of the indicated recombinant mutants are outlined. The bars represent the mean titers (two independent determinations) with standard errors of four mice, with the exception of the data from the I362S/K368R infection at 8 weeks p.i., which are from six mice. Titers in three organs (B, K, and L) for the I362S mutant are from a previous study (66) . DL, detection limit of the assay.
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To explore whether the multiplication of MVMp viruses in the organs at 8 weeks p.i. subsequently resulted in pathogenic consequences for the mice, a collection of animals similarly infected by the oronasal route with 10 6 PFU were monitored for pathological signs and survival for 30 weeks p.i. As shown in Fig. 5 , the mortality of the mice reached 100% in the single mutants and 50% in the double-mutant infections by 25 weeks p.i., correlating with overt pathological signs, in sharp contrast to the 100% survival of mice infected with wt MVMp. Interestingly, lethality did not correlate with the titers found in the organs (Fig. 4) , as the highest mortality in the K368R-infected mice corresponded to the lowest infectious titers, while the earlier detection of the double mutant at 3 weeks p.i. led to delayed and lower mortality (Fig. 5 ). These results may suggest different target cells in the mouse organs or that distinct pathogenic capacities of these virus mutants manifested later in the course of the infection (these possibilities are under study).
Structural mapping of the sialic acid binding site in the MVMp capsid. Since SA binding was observed to be important for the infection and virulence of the MVMp recombinants, X-ray diffraction data were collected for a crystal of MVMp VLPs soaked with SA. The soaking of the SA into the preformed crystal did not perturb the lattice. The diffraction images were indexed and processed and shown to be isomorphous with the MVMp VLPs, as reported previously (43) . The data set was 22% complete to 3.5-Å resolution with an R merge of 6.6%. The SA binding site was identified in the depression at the icosahedral twofold dimple-like region of the MVMp capsid in averaged-difference Fourier maps (Fig. 6) . The ring structure of the SA molecule was placed with confidence in difference density at Ͼ3.0 , but the carboxyl and N-acetyl groups were not covered at this sigma level. At lower sigma contour levels, the map extends over the side groups, although their exact conformation could not be signed, and as such, they were modeled as either of the conformations shown in Fig. 6A and B that have been observed in other proteins that bind SA.
The refined model of the MVMp VLP VP2 (43) was displayed in the 2F 0 Ϫ F c map to visualize the amino acids in the sugar binding region. The pocket in which the SA molecule binds is surrounded by residues that are characteristic of sugar binding sites. These generally consist of hydrophobic aromatic residues, as well as charged amino acids (16, 74, 75, 93) . In MVMp, the residues surrounding the single SA molecule include I362 and K368 (Fig. 6) , two of the three residues naturally selected in MVMp-infected SCID mice (Fig. 1) that are responsible for a reduction in the affinity to the SA receptor ( Fig. 2B and 3) . Other amino acids close to the SA are K241, M243, Y396, W398, D399, T401, F403, D553, Y558, and T578, clustered from symmetry-related VP2 monomers (43) . In the current position of the SA molecule, constrained within the strongest (highest-) difference map density, none of the side chains of the amino acids surrounding it, including those of I362 and K368, are close enough to make direct interaction contacts (Fig. 6D) ; all are at 4.5 Å or greater. The third residue mutated, V325, is located on a loop at a distance of ϳ22 Å from the SA density, on the wall of the protrusion at the icosahedral threefold axes that faces the twofold depression (Fig. 6C) , and is not on the capsid surface.
DISCUSSION
A successful viral infection involves a series of specific interactions between the virion and components of the host cell receptor. For single-stranded DNA viruses belonging to the Parvoviridae, the capsid has been shown to play a crucial role in tropism and in the onset of the infection in vitro, though the essential interactions between the parvovirus capsid and host cell factors in pathogenesis are poorly understood. We used the infection of SCID mice by the MVM strains as an experimental model to gain insights into the molecular mechanisms of parvovirus pathogenicity (46, 47, (66) (67) (68) and found that the apathogenic MVMp evolves into virulent variants harboring a capsid with lower affinity for a receptor used in the cytotoxic infection (66) . The present work was aimed at genetically and structurally localizing the receptor binding site in the MVMp capsid and at determining the nature of this important receptor involved in a lethal host disease.
Genetics of MVMp adaptation to mice. The rapid adaptive process of MVMp in SCID leading to the consistent emergence of virulent mutants (Fig. 1 ) parallels our previous reports on the evolutionary capacity of the MVMi strain in response to immune pressures (46, 47) and suggests a high mutation frequency in the MVM genome growing in mice. Indeed, a high genetic heterogeneity in MVMp populations was exemplified by the four different genotypes found in five plaque-isolated clones from the brain of mouse no. 3 (Fig. 1,  bottom) . These results are consistent with the rapid adaptive processes found in nature for other parvoviruses, such as CPV, during recent epidemics (69, 83) or the prevalence of heterogeneous populations of AAV in primates (30) .
In the MVMp adaptive process reported here, all the viral clones (n ϭ 40) isolated from five SCID mice harbored point mutations in the VP gene, any one (with the exception of one virus clone) of the three amino acid substitutions V325M, I362S, or K368R (Fig. 1) . These changes selected by parallel evolution conferred similar virus phenotypes, namely, lower affinity for the SA component of the receptor and largeplaque-forming capacity, as well as virulence by the oronasal route, at least for the recombinant viruses (I362S and K368R) constructed. This genetic analysis, together with our previous studies (66) , highlights the selective pressure exerted on the capsid during MVMp adaptation. The lack of genetic changes in the NS coding region of one virulent MVMp viral clone (3B) is in contrast to the selection of amino acid changes in the CRM1 binding domain of NS2 in all the MVMi clones isolated from infected SCID mice (47) . This genetic difference between the evolutionary processes of MVMi/p in mice may be related to the higher level of NS2 synthesis in MVMp regulated at the level of splicing (19, 23) . A further difference between the two processes was the accumulation of synonymous mutations in the MVMi genome region encoding the VP2 N-terminal domain (46, 47) . These mutations may confer still undetermined biological advantages on the mutants over the wt MVMi.
Even though they conferred virulence in vivo, the selected mutations did not change MVM tropism, since the MVMp virulent isolates remained fibrotropic in vitro, as demonstrated by the cytotoxic interactions with A9 mouse fibroblasts (Fig.  2B) . Moreover, infected SCID mice monitored up to 8 weeks p.i. did not develop the characteristic leukopenic syndrome found in MVMi infections by 6 weeks p.i., due to the capacity of this viral strain to target the mouse hemopoietic compartment (67, 68) . The conservation of tropism in the MVMp isolates, further supported by the competition of capsid binding to primary kidney cells by wt capsid (66) , is consistent with the fact that the residues mutated in vivo (I362, K368, and V325) do not include any of the 317, 321, 399, 460, 551, 553, and 558 residues of VP2 found to be important for MVM host range determination in vitro (5, 23) . These data indicate that the evolutionary process leading to MVMp virulent adaptation in SCID mice is not linked to a shift in virus tropism. However, the fact that one of the selected mutations (K368R) is present in the MVMi strain and that the other most frequently selected change, I362S, involves one of the 14 residues differing between the two MVM strains suggests that some mechanisms of the virulent phenotype, likely related to invasiveness in the organism, may be conferred by these residues. Indeed the constructed I362S/K368R double-mutant virus, although not naturally selected for in mice (Fig. 1) , showed the lowest affinity in infection (Fig. 2B ) and SA interaction (Fig. 3B ) and the highest titers in the mouse organs by 3 weeks p.i. (Fig. 4) , suggesting enhanced invasiveness. In this sense, it is particularly remarkable that the single conservative change, K368R, is a major determinant of MVMp invasiveness (Fig. 4) and subsequent lethality in the SCID mice (Fig. 5) . This residue is involved in structural contacts with the side chains of other residues differing in MVMi and MVMp (2, 43) and may contribute to the difference in stability noted between the two capsids (43) , which may be an important factor in virulence. However, the mutation K368R was not sufficient to induce leukopenia in mice by 8 weeks p.i. (Fig. 4) , as seen in MVMi infections (68) , and thus, other specific residues of MVMi must contribute to this hemopoietic disease.
Topology of the SA binding domain in the MVMp capsid. Changes at residues 362 and 368, located on the wall of the dimple-like depression at the twofold axis of symmetry (43) , affected the affinity of the capsid for a primary receptor important for infection ( Fig. 2A) . Structural studies of SA soaked into preformed crystals of VLPs of MVMp (Fig. 6) identified the SA density in this depression of the capsid surrounded by the side chains of residues 362 and 368 as the attachment site for the virus to initiate cell infection. The localization of the SA in the vicinity of these two residues is fully consistent with the increased sensitivity to neuraminidase of the adsorption of the respective mutant viruses (Fig. 3) . The V325 residue internally located on the shoulder of the protrusion at the icosahedral threefold axis is not placed near the SA density but may modulate SA binding (see below). Thus, the SA used for MVMp adsorption to cells leading to infection is located in a pocket configured at the twofold axis of the capsid.
A pocket configuration surrounded by positively charged and hydrophobic residues may be a common structural requirement among viruses for the SA recognition leading to attachment and entry, as suggested by several viral protein-SA complex structures determined to high resolution by X-ray crystallography. In the case of influenza virus, the SA binds to a conserved shallow depression at the distal tip of the hemagglutinin molecule (29, 89) . The conserved receptor binding site of rhesus rotavirus VP4 is a similar shallow groove between its two ␤-sheets (26) . In Polyomaviridae, the domain of the viral capsid recognizing distinct types of SA is disposed in several pockets formed by basic residues and hydrophobic contacts of the VP1 protein (74, 75) . Also, a depressed surface with highly positive charges constitutes the SA binding domain in the capsid of the picornavirus Theiler's virus (93) and at the top of the fiber knob trimer in adenovirus serotypes 37 and 19p (16) .
The difference density maps calculated from the single SA molecule soaked into the MVMp VLPs do not show any direct interaction of SA with the side chains of I362 or K368. Moreover, the V325 residue is not surface accessible in the MVMp capsid and is located 22 Å away from the SA binding site. However, the phenotype of the V325M mutation in plaque formation and the kinetics of productive adsorption to neuraminidase-treated cells (Fig. 3B ) do implicate the V325 residue in modulating SA binding in a manner similar to I362 and K368. The depression at the twofold icosahedral axes of the MVMp capsid does extend toward the loop containing V325, which interdigitates with the reference monomer from a threefold-related monomer (Fig. 6C ). These observations suggest that although SA is an essential component of the receptor for MVMp infection, and it binds to capsid residues in the icosahedral twofold depression, it is likely that the carbohydrate component of the cell surface glycoprotein is larger than a single SA molecule, as is observed in other viruses recognizing SA components. It can be speculated that a longer carbohydrate molecule bound to the MVMp capsid could show additional contacts in the dimple and at the top of the depression adjacent to the loop where V325 resides. In that case, the V325M mutation changing valine to the larger side chain of methionine might alter the surface topology and the nature of contacts with neighboring residues of this capsid region. A comprehensive structural understanding of the contribution of these residues to the SA interaction with the MVMp capsid will require cocrystallization of the wt MVMp and mutant capsids with longer SA conjugates and further structural refinements.
SA recognition in parvovirus virulence. The genetic and structural analyses of MVMp virulent viruses naturally emerging in mice support the conclusion that the selected mutations would alter the contacts of the capsid with an SA component of a primary receptor on the cell surface and that the affinity of this interaction is crucial for disease onset. In virus systems for which high-resolution structures of SA complexes are available, important effects on the host ranges, tropisms, and pathogenicities of natural or created mutations at residues contacting or in the vicinity of SA have been reported. For the hemagglutinin of influenza virus, the pathogenicity of the viral strains is mainly controlled by the type of SA usage in humans and other species and the affinity of recognition by a pocket in the protein (49, 50 ; reviewed in reference 73). Disease in paramyxovirus (62) and neurotropism in the picornavirus Theilers's virus are also controlled by mutations affecting SA binding (36, 93) . Similarly to the results presented here for MVMp, in polyomavirus, single capsid amino acid changes decreasing SA receptor affinity increased viral spread and disease severity (8, 9) . However, the mechanisms determining increased virulence due to SA-virus interactions of low affinity are essentially unknown.
Understanding the pathogenicity and invasiveness of the MVMp virulent variants with lower SA affinity merits further research. On the basis of the capacity of the attenuated wt MVMp to access the bloodstream by the oronasal route and to remain infectious when bound to erythrocytes (66), we have previously suggested that the events leading to disease must occur at a postviremic level. Most likely, this process may imply viral adaptation to different types of SA usage present in cells of the target mouse tissues, which remain to be established. It is noteworthy that the major residues determining the MVM host range (317 and 321) and those conferring fibrotropism on MVMi (D399, S460, V551, D553, and Y558) (2, 5, 23) are also localized in the vicinity of the SA binding domain (Fig. 6 ) but were not changed in the MVMp adaptive process in mice (Fig.  1) . It is conceivable that the conservation of these residues in the virulent MVMp variants responds to their isolation as PFU in fibroblast cells, but the adaptation to other cell types in mice may involve different capsid residues altering the affinity of contact to other types of SA components. A broad screening of the SA specificities recognized by MVM wt strains and mutant viruses, as well as refined structural analyses of mutant capsids complexed with the SA components, will eventually also be required to address this topic.
Finally, it is particularly significant that the MVM residues 362 and 368 are located in the depression at the twofold axes, a common surface feature of parvovirus capsids where other biologically relevant residues have been mapped (reviewed in reference 43). For example, amino acid changes involved in determining PPV virulence are localized in this depression (70, 85) , as are most VP2 residues controlling host range and receptor recognition (17, 32, 34) or the hemagglutination behavior facilitated by SA binding (1, 6, 72, 82) of CPV and FPV. Therefore, the possibility that a low affinity of the capsid interaction with SA or other cellular attachment factors plays a role in tropism, pathogenicity, and adaptation to new hosts for the other members of the Parvoviridae is an intriguing issue that merits further exploration.
